In human, a chronic sensorimotor perturbation (SMP) through prolonged body immobilization alters motor task performance through a combination of peripheral and central factors. Studies performed on a rat model of SMP have shown biomolecular changes and a reorganization of sensorimotor cortex through events such as morphological modifications of dendritic spines (number, length, functionality). However, underlying mechanisms are still unclear. It is well known that phosphorylation regulates a wide field of synaptic activity leading to neuroplasticity. Another post-translational modification that interplays with phosphorylation is O-GlcNAcylation. This atypical glycosylation, reversible, and dynamic, is involved in essential cellular and physiological processes such as synaptic activity, neuronal morphogenesis, learning, and memory. We examined potential roles of phosphorylation/ O-GlcNAcylation interplay in synaptic plasticity within rat sensorimotor cortex after a SMP period. For this purpose, sensorimotor cortex synaptosomes were separated by sucrose gradient, in order to isolate a subcellular compartment enriched in proteins involved in synaptic functions. A period of SMP induced plastic changes at the pre-and post-synaptic levels, characterized by a reduction in phosphorylation (synapsin1, a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid receptors (AMPAR) GluA2) and expression (synaptophysin, PSD-95, AMPAR GluA2) of synaptic proteins, as well as a decrease in MAPK/ERK42 activation. Expression levels of OGlcNAc transferase/O-GlcNAcase enzymes was unchanged but we observed a specific reduction of synapsin1 O-GlcNAcylation in sensorimotor cortex synaptosomes. The synergistic regulation of synapsin1 phosphorylation/O-GlcNAcylation could affect pre-synaptic neurotransmitter release. Associated with other pre-and post-synaptic changes, synaptic efficacy could be impaired in somatosensory cortex of SMP rat. Thus, phosphorylation/O-GlcNAcylation interplay appears to be involved in synaptic plasticity by finely regulating neural activity. Keywords: cortical plasticity, hindlimb unloading, OGlcNAcylation, PSD-95, synapsin, synaptosomes. In sensorimotor cortex, experience-dependent neuroplasticity is regulated by different mechanisms that promote or reduce neuronal activity for short and long-term periods through changes in synaptic efficacy, that is, the capacity of a pre- Received October 16, 2017; revised manuscript received April 23, 2018; accepted May 14, 2018. Address correspondence and reprint requests to Julie Fourneau, EURASPORT, 413 Avenue Eug ene Avin ee, 59120 Loos, France. E-mail: julie.fourneau@univ-lille1.fr
Cerebral plasticity is the extraordinary capacity of central nervous system to reorganize itself throughout life span under effect of environmental constraints (learning and memory, sensorimotor activity changes) (Pleger et al. 2003; Cooke and Bliss 2006) or following a trauma (amputation, nerve section or brain damage) (Kolb et al. 2011) . In human (Viguier et al. 2009; Roberts et al. 2010) as in animal (Langlet et al. 2012) , a chronic sensorimotor perturbation (SMP), encountered in immobilization, bed rest or sedentary lifestyle situations, alters motor task performance (posture, gait, functional mobility, etc.) through a combination of peripheral and central factors (Clark et al. 2006; Roberts et al. 2010) .
In sensorimotor cortex, experience-dependent neuroplasticity is regulated by different mechanisms that promote or reduce neuronal activity for short and long-term periods through changes in synaptic efficacy, that is, the capacity of a pre-synaptic input to influence post-synaptic output. It can involve changes in synaptic strength (Monfils and Teskey 2004) , unmasking of silent synapses (Jacobs and Donoghue 1991) or morphological modifications of dendritic spines (number, length, functionality) (Trinel et al. 2013) suggesting formation and disappearance of synaptic contacts. This synaptic plasticity is dependent on molecular changes involving neurotransmitters (acetylcholine, glutamate, GABA) (Bandrowski et al. 2003; Kilgard 2003; Floyer-Lea et al. 2006) and growth factors (Nerve Growth Factor, Brain-Derived Neurotrophic Factor, Insulin-Like Growth Factor-1) (Dupont et al. 2005; Singer et al. 2014) , membrane receptor activation [N-methyl-ᴅ-aspartate receptors (NMDAR), a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid receptors (AMPAR). . .] (Froc and Racine 2004; Sherman 2014 ) and/or intracellular signaling pathways [PI3K-AKT, mitogen-activated protein kinase/ extracellular signal-regulated kinase (MAPK/ ERK). . .] (Dupont et al. 2011; Mysoet et al. 2014) . Despite these data, molecular and dynamic events associated with this synaptic plasticity, especially after SMP, remain to be clarified.
Long-lasting changes in synaptic efficacy between two neurons can also involve coordination of mechanisms regulating pre-synaptic proteins exocytosis. For instance, synaptophysin, which is the most abundant synaptic vesicle (SV) membrane protein (10% of total vesicle protein) (Takamori et al. 2006) , has various synaptic functions including exocytosis, synapse formation, biogenesis, and SVs endocytosis. Synaptophysin is exclusively localized to SVs and thus is widely used as a marker for pre-synaptic terminals activity (Edelmann et al. 1995; Thiele et al. 2000; Kwon and Chapman 2011) . Synapsin1 is another presynaptic marker that belongs to a family of vesicle-associated phosphoproteins. During synaptic activity, synapsin1 regulates SVs dynamics and neurotransmitter release, and promotes neurite outgrowth and synaptogenesis.
Synaptic efficacy may also depend on post-synaptic compartment. In particular, post-synaptic density protein 95 (PSD-95), an abundant post-synaptic scaffolding protein binding synaptic receptors and membrane proteins to cytoskeleton, is an excellent marker to study post-synaptic mechanisms (B e€ ıque and Andrade 2003; Ehrlich and Malinow 2004; Han and Kim 2008) .
In addition, in glutamatergic synapses, synaptic transmission is achieved by ionotropic AMPAR. Most AMPARs are heterotetramers composed of a dimer of GluA2 subunits and a dimer of GluA1 or three subunits, GluA2 being the most represented subunit in the majority of synapses (Bassani et al. 2013) . NMDAR, which are typically activated by coincident activity of pre-and post-synaptic neurons, may govern synapse strength, either potentiating synapse through addition of AMPAR to synaptic membrane, or at the opposite weakening synapses through AMPAR removal.
At pre-and post-synaptic levels, phosphorylation allows regulation of protein trafficking involved in molecular events that underlie growth cone migration, synapse formations, neurotransmission, and synaptic plasticity (Browning et al. 1985; Augustine et al. 1999; Kim and Huganir 1999; Soderling and Derkach 2000; Lee 2006 ). For example, synapsin1 is phosphorylated by several protein kinases, including PKA, Ca2+/calmodulin-dependent protein kinase II (CaMKII), and MAPK/ERK, which strongly modulate its binding to SVs and actin filaments (Cesca et al. 2010) . In post-synaptic region, AMPAR trafficking (lateral diffusion, endocytosis, exocytosis) within and outside post-synaptic density is also critically dependent upon phosphorylation and dephosphorylation of GluA1 and GluA2 subunits by kinases such as CaMKII, MAPK/ERK, PICK1 (Seidenman et al. 2003; Lee 2006) . CaMKII is especially known to favor phosphorylation and stabilization of AMPAR at post-synaptic density by indirect anchoring to PSD-95 (Opazo et al. 2010) .
O-linked-N-acetyl-glucosaminylation, termed O-GlcNAcylation, is another post-translational modification that interplays with phosphorylation (Zeidan and Hart 2010) . This atypical glycosylation, reversible and dynamic, is added to proteins by O-GlcNAc transferase (OGT) and removed by O-GlcNAcase (OGA) specifically on Ser/Thr sites (Comer and Hart 2000) . This post-translational modification is involved in many intracellular processes such as gene expression, translation and transcription, intracellular signaling pathway regulation, and protein turn-over (Hart et al. 2011) . O-GlcNAcylation and phosphorylation can either competitively occupy a single or proximal site(s), or noncompetitively be located in different sites on a substrate (Zeidan and Hart 2010) .
OGT and O-GlcNAcylated proteins are especially abundant in neurons and synaptosomes (Cole and Hart 2001; Akimoto et al. 2003) . A high concentration of O-GlcNAcylated proteins might reflect an important functional plasticity of cerebellar neurons and a recent study has identified OGT as a molecular actor that regulates synapse maturity (Lagerl€ of et al. 2017) . In fact, several pre-synaptic and post-synaptic proteins, including synapsin1 are O-GlcNAc modified (Khidekel et al. 2004 (Khidekel et al. , 2007 . Recent data also suggest that AMPAR GluA2 is an O-GlcNAcylated protein (Taylor et al. 2014) . O-GlcNAcylation is notably abundant in hippocampus (Liu et al. 2004 ), a brain region implicated in learning and memory through different forms of synaptic plasticity such as long-term potentiation (LTP) and long-term depression (LTD). However, to date, far too little attention has been paid to the role of OGlcNAcylation in nervous system. Moreover, most of studies were focused on deregulation between decreased O-GlcNAcylation and hyperphosphorylation of tau in Alzheimer's disease (Yuzwa et al. 2008 (Yuzwa et al. , 2012 Deng et al. 2009 ). Recent evidences suggest that an interplay between O-GlcNAcylation and phosphorylation could be a key mechanism in synaptic processes (Tallent et al. 2009; Shi et al. 2012; Taylor et al. 2014 ). This essential relationship for cerebral function has never been studied in synaptic plasticity induced by a chronic SMP.
The first objective of this study was to determine whether SMP could induce variations in activation and expression of pre-(synapsin1, synaptophysin) and post-synaptic (PSD-95, AMPAR GluA2) markers, as well as signaling pathways MAPK/ERK and CaMKII in synapses of structures implied in sensory and motor functions (sensorimotor cortex, striatum, and cerebellum). Thus, the second objective was to examine the potential involvement of O-GlcNAcylation of synaptic proteins in regulation of synaptic plasticity induced by a SMP period. Studies will be conducted on rats submitted to 14 days of hindlimb unloading, an animal model of SMP which is commonly used to mimic effects of confinement to bed in patients (Langlet et al. 1999 (Langlet et al. , 2012 Dupont et al. 2003; Canu and Garnier 2009 ).
Materials and methods

Sensorimotor perturbation animal model
The study was not pre-registered and not blinded. All procedures described below were carried out in accordance with European Communities Council Directive 2010/63/UE, and were approved by Regional Committee on Ethics of Animal Experiments of Nord Pasde-Calais region (CEEA 75, reference Number: APAFIS#4733-20 160329172661764). All efforts were made to minimize number of animals and their suffering by conducting a power analysis calculation to predetermine the sample size required to conduct this study, thus minimizing the number of animals used and their pain and suffering. Details on the sample size calculation can be found in 'Statistical Analysis' section. Male Wistar rats (RRID:RGD_2308816, cat# 2308816; Charles River, Saint-Germain-Nuelles, France), 10-12 weeks of age (280-320 g) were housed under temperature and light controlled conditions (23°C, 12 h light/12 h dark cycle). Rats were acclimated at least 1 week after their arrival to animal facility and assigned to control or SMP group arbitrarily, no randomization methods were applied. They had ad libitum access to water and food and were regularly handled. Body weight was monitored 3 days/ week. SMP was induced by hindlimb unloading, which was performed using tail suspension model during 14 days (Morey-Holton and Globus 2002). The rats were introduced in a rodent restrain device (cat# 52-0292, Harvard Apparatus rodent) which ensured free access to the tail. The latter was gently washed, dried and then disinfected with alcohol (30°). An elastic adhesive tape (Tensoplast; BSN Medical, Leuven, Belgium) was then applied to the proximal third of the tail to allow the maintenance of thermoregulation. Its stretching was kept to a minimum so as not to impede blood circulation. The upper end of the adhesive strip was then connected to a swivel system that can lift the posterior train of the rat and ensured 360°movements. Total duration of this procedure did not exceed 5 min. The height was adjusted to obtain a 30°inclination of rat body with horizontal. The posterior train of the animal was lifted progressively in three stages separated by 1 h each. The forelimbs remaining in contact with the ground allowed rats to walk freely on their forelimbs and to have free access to water and food. Control (C) (n = 8-13) and SMP (n = 8-11) rats were housed in the same room. SMP rats were arranged next to each other and could have social interactions with their neighbors, and C animals were housed 2 per cage. The criteria for inclusion/exclusion were based on the health state of animal. The animal that showed any sign of tail necrosis, porphyrin around the eyes and nose beyond the first 2 days of SMP, reduction or absence of food intake and/or excessive body weight loss (> 15%) were excluded.
Protein extractions
Tissue sampling For tissue sampling, rats were deeply anesthetized through intraperitoneal injection of sodium pentobarbital (60 mg/kg, cat# GTIN 03411110034385; Ceva Animal Health, Libourne, France). Deep anesthesia level was checked by suppression of paw withdrawal reflex. Then, thoracic cavity was open to allow access to the heart. Intracardiac infusion of ice-cold solution of NaCl 0.9% was then performed until total exsanguination of the animal. Then, the head of the animal was fixed in a stereotaxic frame, the skin incised and a craniotomy was performed to expose cerebral cortex. The duramater was resected. A sample of sensorimotor cortex was taken at stereotaxic coordinates anterior 0 to À2 and lateral 2 to 4, corresponding to display area of the hindlimb. Then, striatum and cerebellum were removed. A sample of visual cortex was also taken at the stereotaxic coordinates anterior À5 and lateral 3 to serve as internal control. Samples were placed in liquid azote and stored at À80°C. Total duration of sampling did not exceed 10 min.
Whole-tissue extract Frozen brain samples were dropped in lysis buffer (10 mL of buffer/ mg of tissue) containing 150 mM NaCl, 20 mM Tris Base, 1 mM EDTA, 1% Triton X-100, 50 lM PUGNAc (cat# A7229; Sigma, Saint-Quentin-Fallavier, France), complete EDTA free protease inhibitor cocktail (cat# 11873580001; Roche Molecular Biochemicals, Boulognes Billancourt, France) and phosphatase inhibitors (PhosSTOP, cat# 04906837001; Roche). Samples were homogenized using a potter-elvehjem homogeneizer (cat# 431-0094; VWR, Fonteney-sous-bois, France), and centrifuged at 13 000 g for 10 min at 4°C. Protein concentration of the supernatant was determined by a Bradford assay (Protein Assay Dye Reagant Concentrate, cat# 5000006; Bio-Rad Laboratories, Steenvoorde, France).
Synaptosome fractionation
This protocol was adapted from Kamat (Kamat et al. 2014) . Briefly, frozen brain samples were homogenized on wet ice using ice-cold HEPES buffer (145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose, 5 mM HEPES, 50 lM PUGNAc, protease and phosphatase inhibitors, pH7.4) containing 0.32 M sucrose. The initial homogenate was centrifuged at 600 g for 10 min at 4°C. The supernatant (S1) was then diluted 1 : 1 with 1.3 M sucrose in HEPES buffer, to yield a suspension at a final concentration of 0.8 M sucrose in HEPES buffer. This suspension was further centrifuged at 20 000 g for 30 min. The supernatant (S2) was collected (cytosol fraction); the pellet (P2) (crude synaptosomal membrane) was centrifuged for 2-3 times at 12 000 g for 15 min (series of washes with HEPES buffer). The crude synaptosomal fraction was resuspended in Radio-ImmunoPrecipitation Assay (RipA) buffer (10 mM Tris HCl, 150 mM NaCl, 1 mM EDTA, 0.2% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), pH7.4). Protein concentration of the supernatant was determined by a Bradford assay. The validity of synaptosome fractionation was assessed on specific markers and is presented in supplementary data ( Figure S1 ).
Immunoprecipitation experiments
Immunoprecipitation was performed on 50 lg of synaptosomal or cytosolic proteins fractions extracted in RipA buffer. Samples were pre-cleared with protein G coupled on magnetic beads (cat# LSKMAGG10; Merck Millipore, Saint-Quentin-Fallavier, France). Non-retained samples were incubated with the RL2 antibody (MA1-072; Thermo Scientific, Illkirch, France) overnight at 4°C with gentle agitation, followed by 2 h incubation at 4°C with magnetic beads (1 : 5 v/v). Beads were washed sequentially using RipA; RipA + 0.5 M NaCl; RipA/TNE (TNE: 10 mM Tris/HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA) (50 : 50 v/v), and the last one with TNE. Beads were finally resuspended in Laemmli buffer (62.5 mM Tris/HCl, pH 6.8; 10% glycerol; 2% SDS; 5% b-mercaptoethanol; 0.02% bromophenol blue) and boiled for 10 min. Remaining soluble fractions, corresponding to immunoprecipitated proteins, were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot as described below.
SDS-PAGE and western blot analysis
Whole extracts, synaptosomes and cytosol fractions (previously boiled in Laemmli buffer) were resolved by SDS-PAGE. Proteins were separated on 7.5% or 10% polyacrylamide gels (TGX StainFree TM FastCast TM Acrylamide Kits, cat# 1610181 and 1610183, respectively; Bio-Rad). Stain-Free technology contains a proprietary trihalo compounds which react with proteins, rendering them detectable with UV exposures. Stain-Free imaging was performed using ChemiDoc MP Imager (cat# 1708280; Bio-Rad) and Image Lab 4 software (cat# 1709691; Bio-Rad) with a 2.5 min stain activation time, and total protein images were therefore obtained. Proteins were then transferred to 0.2 lm nitrocellulose sheet (Trans-Blot â Turbo TM RTA Midi Nitrocellulose Transfer Kit, cat# 1704271; Bio-Rad) using Trans-Blot Turbo Transfer System (cat# 1704150; Bio-Rad). The quality of transfer was controlled by imaging membranes using StainFree technology. Membranes were then washed in Tris-buffered saline Tween-20 (TBST) (15 mM Tris/HCl, pH 7.6; 140 mM NaCl; 0.05% Tween-20) and blocked in 5% non-fat dry milk or bovine serum albumin in TBST. Membranes were then blotted in blocking solution overnight at 4°C with primary antibodies (Table 1) . After 3 9 10 min washes in TBST, membranes were probed with specific secondary antibodies (1 : 5000, Anti-rabbit IgG, horseradish peroxidase-linked Antibody; Cell Signaling Technology, Saint-QuentinYvelines, France, 7074, RRID: 2099233 and Anti-mouse IgG, horseradish peroxidase-linked Antibody; Cell Signaling Technology, 7076, RRID: 330924) in blocking solution for 2 h at room temperature (20°C), and finally extensively washed in TBST. All experimental procedures, such as blocking solutions as well as dilutions of primary and secondary antibodies were optimized for each antibody. Chemiluminescence detection was carried out using enhanced chemiluminescence Clarity (Clarity TM Western ECL Substrate, cat#, 1705061; Bio-Rad), and images capture were done with ChemiDoc MP. All images were analyzed using Image Lab 4 software. Normalization of protein signal intensities was carried out following quantification of respective total protein level on Stain-Free images. Whether membranes needed to be reprobed to use another antibody, stripping membrane was performed using Western reprobe (cat# 786-305; G-Biosciences, Fonteney-sous-bois, France).
Phosphospecific signal was normalized to total signal in order to estimate activated marker ratio. Total signal was normalized to Stain-Free staining, which reveals total protein profile of each sample (Gurtler et al. 2013) .
Immunohistochemistry
Brains were taken under deep anesthesia (sodium pentobarbital, 60 mg/kg). Firstly, thoracic cavity was open to allow access to the heart. Intracardiac infusion of ice-cold solution of NaCl 0.9% was then performed until total exsanguination of the animal, followed by 4% paraformaldehyde. Brains were then removed and post-fixed for 4 h in same fixative at 4°C and cryoprotected with a 20% sucrose solution for 24 h at 4°C. Hemispheres were sectioned on cryotome (CM3050 S; Leica, Nanterres, France) to isolate 30-lm-thick sagittal slices. The selected brain region was between Lateral 2 and 4 mm with bregma as stereotaxic reference. Slices were washed and incubated in blocking buffer (0.5% bovine serum albumin, phosphate-buffered saline) for 90 min. Primary antibody in blocking buffer was applied overnight at 4°C at the following concentrations: O-GlcNAc RL2 (1 : 500; ThermoFisher Scientific, MA1-072, RRID: 326364), Glial fibrillary acidic protein (GFAP, 1 : 1000; Abcam, Paris, France, ab10062, RRID: 296804), NeuN (1 : 500; Cell Signaling Technology, 12943, RRID: 2630395), PSD-95 (1 : 200; Cell Signaling Technology, 3450S, RRID: 2292883). After washing, second antibody diluted in blocking buffer was applied in the dark for 2 h at room temperature (20°C) at the following concentrations: mouse IgG Alexa Fluor 555 (1 : 500; ThermoFisher Scientific, A21422, RRID: 141822) and rabbit IgG Alexa Fluor 488 (1 : 500; ThermoFisher Scientific, A11034, RRID: 2576217). A negative control with no primary antibody confirmed absence of non-specific binding of second antibodies. All tissues were stained with DAPI (4 0 ,6-diamidino-2-ph enylindole) (cat# D9542; 
Statistical analysis
Sample sizes were determined based on a power analysis (power = 0.8, a = 0.05) using effect sizes observed in previous study (Mysoet et al. 2014) as well as our pilot study. All quantitative results were presented as box-plot (box: first and third quartiles and median; whiskers: minimum and maximum). Normality was assessed by d'Agostino & Pearson normality test. C and SMP groups were compared using Student t-test when groups were normal or MannWhitney t-test otherwise (GraphPad Prism 6, RRID:SCR_002798;
GraphPad software, La Jolla, CA, USA). For immunohistochemistry analysis, a two-way analysis of variance (ANOVA) was used. Independent variables were 'Group' (C vs. SMP) and 'Cortical layer'. Differences were considered statistically significant when p < 0.05.
Results
All analyzes were performed on sensorimotor cortex, striatum, cerebellum, and on visual cortex used as internal control. In visual cortex of SMP rats, no significant variations were observed in phosphorylation and expression levels of the different synaptic proteins. By consequence, all variations described below were specific to sensory and motor structures, and were not a considered as a generalized effect of SMP in whole cortex.
SMP period induces activation and expression variations of pre-and post-synaptic markers
Pre-synaptic plasticity In order to evaluate whether a SMP period induces plasticity within pre-synaptic part and in particular in SVs mobilization, phosphorylation, and expression of synapsin1 and synaptophysin were determined by western blotting (Fig. 1) . Synapsin1 is a pre-synaptic marker, which regulates neurotransmitter release. Phosphorylation on Ser62/67 was significantly decreased in sensorimotor cortex (À35%, p < 0.05) (Fig. 1b) , suggesting reduced SVs transfer from a 'reserve' to a 'readily releasable' pool. Phosphorylation on Ser603, which regulates SVs availability for release, remained constant (Fig. 1d) . No change in phosphorylation levels on both sites (Fig. 1b and d) was noticed in striatum and cerebellum. Synapsin1 expression was decreased in cerebellum (À49%, p < 0.05) (Fig. 1f) and was unchanged in sensorimotor cortex and striatum.
Synaptophysin is used as a marker for pre-synaptic terminal activity. Synaptophysin expression was significantly decreased in sensorimotor cortex (À17%, p < 0.05) (Fig. 1h) , while it was increased in cerebellum (+12%, p < 0.05) after a SMP period, implying a modulation in SVs availability and thus in pre-synaptic activity in both structure. No change was reported in the striatum.
Post-synaptic plasticity
To investigate whether a SMP period induces post-synaptic plasticity by modulation of AMPAR trafficking, phosphorylation, and expression levels of PSD-95 and AMPAR GluA2 were determined by western blotting (Fig. 2) .
PSD-95 is a post-synaptic scaffolding protein clustering glutamate receptors, such as AMPAR. PSD-95 is thought to determine the size and strength of synapses. In this study, PSD-95 expression was significantly decreased (À26%, p < 0.05) in sensorimotor cortex of SMP rats (Fig. 2b) . This result reinforces the hypothesis of an increased internalization of AMPAR GluA2 and suggests a decrease in post-synaptic compartment size. No change was reported for striatum nor cerebellum.
AMPAR is known to generally mediate fast excitatory synaptic transmission in central nervous system. More specifically, GluA2 subunit plays a critical role in AMPAR trafficking and assembly (Isaac et al. 2007) . In sensorimotor cortex, Ser880 phosphorylation was significantly increased (+28%, p < 0.05) (Fig. 2d) , suggesting that receptor internalization was increased after a SMP period. Earlier studies have provided strong evidence that loss of membrane localization of AMPAR GluA2 is associated with Ser880 phosphorylation, which is implicated in receptor internalization during LTD (Chung et al. 2000) . Interestingly, AMPAR GluA2 expression was decreased (À21%, p < 0.05) (Fig. 2f) in SMP group. Finally, phosphorylation and expression levels of AMPAR GluA2 were unchanged in striatum and cerebellum synaptosomes.
Effect of a SMP period on phosphorylation/O-GlcNAcylation signaling pathways
Phosphorylation signaling pathways (MAPK/ERK and CaMKII) MAPK/ERK and CaMKII are implicated in AMPAR trafficking during synaptic activity. In addition, ERK42/44 and CaMKII are involved in synapsin1 phosphorylation at, respectively, Ser62/67 and Ser603 substrate sites. Thus, phosphorylation and expression levels of these two key signaling pathways were studied by western blotting (Fig. 3) . ERK42 phosphorylation was dramatically decreased in sensorimotor cortex (À53%, p < 0.05), striatum (À11%, p < 0.05) and cerebellum (À450%, p < 0.01) synaptosomes after a SMP period (Fig. 3b) . In sensorimotor cortex, this decrease could be associated with the decrease in synapsin1 phosphorylation at Ser62/67 sites and in AMPAR GluA2 membrane localization. ERK42 expression was unchanged for all structures (Fig. 3d) . Concerning ERK44, no change in phosphorylation and expression levels was observed ( Fig. 3e  and f) . Phosphorylation and expression levels of CaMKII remained also unchanged in SMP group for all structures ( Fig. 3h-j) , and may be correlate to the absence of variation in phosphorylation of synapsin1 at Ser603 site. forms in control or SMP groups. (d) Phosphorylation level (ratio of P-AMPAR GluA2 (Ser880) to total AMPAR GluA2) and (f) expression level (AMPAR GluA2 normalized to Stain-Free) in control (n = 8-13) and SMP (n = 8-11) rats. *p < 0.05 with respect to C rats. a.u.: arbitrary units. Phosphorylation level (ratio of P-CaMKII (Thr286) to total CaMKII) and (j) expression level (CaMKII normalized to Stain-Free) in control (n = 8-13) and SMP (n = 8-10) rats. *p < 0.05, ***p < 0.001 with respect to C rats. a.u.: arbitrary units.
Global O-GlcNAcylation
O-GlcNAcylation might be as important as phosphorylation in modulating synaptic function after a SMP period. Using immunohistochemistry, we found that O-GlcNAcylated proteins are ubiquitously expressed. In particular, a strong immunofluorescence is detected in the sensorimotor cortex of C or SMP rats (Fig. 4a) . A two-way ANOVA with 'OGlcNAcylation mean fluorescence intensity' as within-effect and 'group' and 'cortical layers' as between effect revealed a 'cortical layers' effect (F = 36.63, p < 0.0001) without significant 'group' effect (F = 2.02, p = 0.16), and an absence of interaction 'group x cortical layers' (F = 0.81, p = 0.52) (Fig. 4b and c) . The mean intensity fluorescence was lower in granular and infragranular cortical layers (layers IV, V and VI) compared to supragranular cortical layers (I and II/III) both in C and SMP groups. Double immunofluorescence staining showed that O-GlcNAcylated proteins were also present in neurons (anti-NeuN), in astrocytes (anti-GFAP), and close to dendritic spines (anti-PSD95) (Fig. 4d-f) .
Expression of O-GlcNAcylated proteins, OGT and OGA in sensorimotor cortex synaptosomes were determined by western blotting (Fig. 5) . O-GlcNAcylated protein profile was analyzed in three distinct zones (RL2, zone 1: 250-100 kDa, zone 2: 100-37 kDa and zone 3: 37-15 kDa). OGlcNAcylated protein expression was decreased in zone 2 (À25%, p < 0.05) in sensorimotor cortex of SMP group, whereas it was surprisingly increased (+49%, p < 0.05) in visual cortex (Fig. 5c) . In contrast O-GlcNAcylated protein expression was unchanged in zones 1 and 3 after SMP period ( Fig. 5b and d) . Although there was no change in the overall rate of O-GlcNAcylation in these zones 1 and 3, we cannot exclude that some variations exist on specific proteins. Finally, expression level of OGT and OGA was also constant in SMP group (Fig. 5d-e) .
Specific synaptic proteins O-GlcNAcylation
We then determined O-GlcNAcylation level of synapsin1 by immunoprecipitation. It can be noticed that this protein (78 kDa) is included in zone 2 (Fig. 6a) . This analysis was carried out both on synaptosomes and cytosolic fraction of sensorimotor cortex to determine whether O-GlcNAcylation was modulated according to protein location. Synapsin1 OGlcNAcylation was decreased (À59%, p < 0.05) in synaptosomes and was increased (+182%, p < 0.05) in cytosolic fraction in SMP rats (Fig. 6b) .
CaMKII activity is also known to be regulated by OGlcNAcylation (Trinidad et al. 2012) . Thus, CaMKII is autonomously activated by its O-GlcNAc modification, creating molecular memory even after Ca 2+ concentration declines (Erickson et al. 2013) . For this reason, CaMKII OGlcNAcylation was determined by immunoprecipitation (Fig. 6c) . In SMP group, CaMKII O-GlcNAcylation was unchanged in synaptosomes and cytosolic fraction of sensorimotor cortex (Fig. 6d) .
We also performed another experimental approach with Wheat Germ Agglutinin-conjugated (a lectin that recognizes N-acetyl-D-glucosamine) beads to detect O-GlcNAcylated synaptosomal-associated proteins. We validated results for both synapsin1 and CaMKII O-GlcNAcylation (data not shown).
Immunoprecipitation analysis was also performed on AMPAR GluA2. However, we were not able to detect AMPAR GluA2 O-GlcNAcylation despite many tests. Finally, the analysis was not conducted on PSD-95 and synaptophysin since they are not known to be O-GlcNAcylated (Vosseller et al. 2006; Trinidad et al. 2013 ).
Discussion
The aim of this study was to determine (i) whether a SMP period induces variations in activation and expression of pre-(synaptophysin and synapsin1) and post-synaptic (PSD-95, AMPAR GluA2) proteins, as well as CaMKII and MAPK/ERK signaling in sensorimotor cortex, striatum, and cerebellum synaptosomes, and (ii) the potential involvement of synaptosomal protein O-GlcNAcylation in regulation of synaptic plasticity induced by SMP. Our results indicate that a SMP period induced significant changes particularly in somatosensory cortex, the other motor brain structures being less affected. Thus, we showed in sensorimotor cortex synaptosomes a decrease in synapsin1 phosphorylation at Ser62/67 sites and synaptophysin expression, as well as an increase in AMPAR GluA2 phosphorylation at the Ser880 site and decreased expression of AMPAR GluA2 and PSD-95. As for the signaling pathways, ERK42 activation was also regulated by SMP. Finally, synapsin1 O-GlcNAcylation was significantly reduced in synaptosomal fraction and increased in cytosolic fraction after a period of SMP. All these results are synthesized in a diagram representing synaptic changes after a SMP period (Fig. 7) .
A key phosphorylation/O-GlcNAcylation regulation induced by SMP Our study was carried out to determine whether phosphorylation/O-GlcNAcylation interplay was involved in cerebral plasticity induced by SMP. This work provides evidence that O-GlcNAcylated proteins were ubiquitously expressed in SMP or control rats' brains, especially in neurons (soma, dendrites and close to dendritic spines) and glial cells such as astrocytes. We also noticed a substantial presence of OGlcNAcylated proteins and OGT/OGA enzymes in sensorimotor cortex synaptosomes consistent with observations made on other structures such as hippocampus or cerebellum (Cole and Hart 2001; Akimoto et al. 2003; Tallent et al. 2009; Lagerl€ of et al. 2017 ). These observations were not surprising since O-GlcNAcylation is known to be involved in the various synaptic functions, and in particular in synaptic plasticity (Akimoto et al. 2003) . The global level of OGlcNAcylated proteins was unchanged. However, we have shown that non-neuronal cells, in particular astrocytes, and neuronal soma displayed a strong immunofluorescence characterizing high O-GlcNAcylation protein levels. Thus, it is not excluded that looking at the whole tissue hided a subtle decrease in synapse O-GlcNAcylation.
Synapsin1 is one of the most studied O-GlcNAcylated proteins in brain. Indeed, synaptic protein mapping has revealed several O-GlcNAcylated sites in important regulatory domains (Cole and Hart 1999; Kang et al. 2013) . Interestingly, we demonstrated in SMP rats that synapsin1 O-GlcNAcylation was decreased in sensorimotor cortex synaptosomes and inversely regulated in cytosolic fraction. O-GlcNAcylation of synapsin1 (Thr87 site) could regulate its location and function at pre-synaptic level through variation in the density of synaptic vesicles clustering along axons and modulation of the size and release of the reserve pool of synaptic vesicles (Skorobogatko et al. 2014) . By consequence, synapsin1 O-GlcNAcylation could be a key mechanism to modulate pre-synaptic plasticity induced by SMP.
Synapsin1 may also be phosphorylated at different sites. The interplay between phosphorylation and O-GlcNAcylation is complex and specific. According to Tallent et al. (2009) , these two modifications do not act in a reciprocal manner but rather through a dual synergistic regulation, since synapsin1 phosphorylation is increased in response to OGlcNAcylation augmentation. We have shown that levels of both synapsin1 phosphorylation (Ser62/67) and O-GlcNAcylation decreased significantly in sensorimotor cortex synaptosomes. We could hypothesize that decrease in Ser62/67 phosphorylation could be linked to synapsin1 O-GlcNAcylation decrease, but also, as shown in our results, could be due to modulation of ERK42/44 pathway. Ser62/67 of synapsin1 are thought to be ERK42/44 kinase substrate sites. When phosphorylated, synapsin1 promotes SVs transfer from cytoskeleton (where they are stored) to synaptic end (where they can be released), resulting in an increase in probability of neurotransmitters release (Tallent et al. 2009; Cesca et al. 2010) . ERK42/44-dependent synapsin1 phosphorylation has a dual role in regulating both functional synapse formation and activity-dependent plasticity, and thus regulates synaptic formation and function. Thus, in SMP rats, a decrease in synapsin1 Ser62/67 phosphorylation and OGlcNAcylation suggests a decrease in neurotransmitters release, possibly contributing to a decrease in synaptic efficacy (Giachello et al. 2010) .
Additionally, SVs availability for release is also dependent of synapsin1 phosphorylation increase at CaMKII substrate site Ser603 in response to elevation of O-GlcNAc (Tallent et al. 2009 ). However, in our study, CaMKII activation was unchanged, as well as synapsin1 Ser603 phosphorylation. There was also no change in CaMKII O-GlcNAcylation, known to increase autophosphorylation and kinase activity (Trinidad et al. 2012; Erickson et al. 2013) . According to Chi et al. (2003) , absence of change in CaMKII phosphorylation and O-GlcNAcylation suggests that dispersion of SVs active pool did not change.
Although O-GlcNAcylation has in some cases been shown to functionally compete with phosphorylation at proximal sites, O-GlcNAcylation could have direct regulatory roles independent of influences on synapsin1 phosphorylation, as described by Skorobogatko et al. (2014) . In our study, the differential regulation of synapsin1 sites through ERK42/44, CaMKII pathways and O-GlcNAcylation is in favor of dual synergistic regulation and indicate additional complexity levels in regulation of this key synaptosomal protein in SMP rats.
Variation in activation and expression rates of other preand post-synaptic markers following a period of SMP We showed modulation of activation and expression of preand post-synaptic proteins after a SMP period. At presynaptic level, synaptophysin expression decreased in sensorimotor cortex synaptosomes. Changes in synaptophysin expression have been shown to reflect changes in SVs amount (Nithianantharajah et al. 2004) . Thus, it can be considered that SMP induces a decreased SVs availability in pre-synaptic terminals of somatosensory cortical neurons. At post-synaptic level, SMP induces a decrease in PSD-95 expression in somatosensory cortex synaptosomes. PSD-95 is an important regulator of synaptic efficiency and plasticity, and is frequently used as a molecular marker for determining size and strength of synapses (Holtmaat and Svoboda 2009 ). PSD-95 over-expression was observed at post-synaptic Fig. 7 Hypothetical diagram of synaptic plasticity mechanism induced by a SMP period. In control condition, at pre-synaptic level, synaptic vesicles (SVs) release and traffic are regulated, for example, by synaptophysin or synapsin1. These proteins can be regulated by kinases: synapsin1 can indeed be phosphorylated by CaMKII or ERK42/44 in order to allow SVs detachment and neurotransmitters release. Pre-synaptic message is then transmitted to post-synaptic level, which reacts by modulating its receptors number at post-synaptic density. AMPAR GluA2 subunit is especially important in rapid traffic of the other AMPAR subunits, permeable to the ions, to respond to stimulation. CaMKII and ERK42/44 signaling pathways are also essential at post-synaptic level for AMPARs mobilization at postsynaptic surface, by linkages with scaffold proteins allowing receptor stabilization, such as PSD-95. At pre-synaptic level, a SMP period induces changes in activation and expression of synaptophysin and synapsin1 (O-GlcNAcylation and phosphorylation at sites Ser62/67), indicating changes in availability and release synaptic vesicles. At post-synaptic level, AMPA GluA2 receptors could be less present at post-synaptic density after a SMP period, because of an increase in Ser880 phosphorylation, causing receptor internalization. PSD-95 expression is also decreased at post-synaptic density after SMP, indicating a decrease in post-synaptic density and synaptic strength. ERK42/44 signaling pathway also appears to be less active after a SMP period, which is accompanied by decreased activation of synapsin1 (Ser62/67) at pre-synaptic level and decreased activity at post-synaptic level for receptors diffusion. No change was observed in CaMKII signaling pathway activation. density in LTP and is associated to an increase in spines head volume, whereas PSD-95 deletion is associated with a decrease in dendritic spines number in striatum and hippocampus (Vickers et al. 2006) . In our study, decrease in PSD-95 expression could be related to a reduction in dendritic spines number and/or by a reduction in synapses size. However, in SMP, the number of mature spines on pyramidal neurons has been reported to be slightly increased (Trinel et al. 2013) , which leads us to reject the first hypothesis. However, spine head size was decreased for pyramidal neurons of infragranular layers after SMP (Trinel et al. 2013) . Thus, decrease in PSD-95 expression could be explained by a reduction in synaptic density surface area and in spines head volume. As a result, synaptic efficacy could be impaired in somatosensory cortex of SMP rat.
Interestingly, SMP induced a decrease in AMPAR GluA2 expression associated to an increase in Ser880 phosphorylation. AMPAR number is correlated to PSD-95 expression during LTP (Ehrlich and Malinow 2004) . Conversely, a Knock-Down PSD-95 deletion causes a decrease in AMPAR number as well as a decrease in AMPAR and NMDAR currents (Ehrlich and Malinow 2004; Ehrlich et al. 2007; Futai et al. 2007 ). In addition, AMPAR number at postsynaptic surface is controlled by Ser880 phosphorylation, which induces AMPAR GluA2 endocytosis during LTD leading to a decrease in AMPAR at post-synaptic surface (Seidenman et al. 2003 ). At post-synaptic level, ERK42/44 activity is related to LTP by acting on AMPAR insertion at synapse (Zhu et al. 2002) . Taken together, there is a consistent finding that AMPAR are decreased at postsynaptic surface after SMP in our study. Unfortunately, we did not obtain any result for AMPAR GluA2 O-GlcNAcylation in sensorimotor cortex contrary to Taylor et al. (2014) in hippocampus. To explain this discrepancy, we can assume that AMPAR GluA2 O-GlcNAcylation is higher in hippocampus than in sensorimotor cortex. Our own brain sections corroborate this hypothesis (see Fig. 4 ). Moreover, these authors had to increase global O-GlcNAcylation level through glucosamine exposure of hippocampal slices to detect AMPAR GluA2 O-GlcNAcylation. Finally, AMPAR GluA2 O-GlcNAcylation still remains a controversial subject since specific residues modified by O-GlcNAcylation in GluA2 are yet to be identified.
Several specific changes were also observed in other brain structures implied in postural and motor control. We demonstrated that a SMP period induced changes at presynaptic level through variations in synapsin1 and synaptophysin expression in cerebellum, and changes in ERK42 expression in striatum and cerebellum. This is not really surprising since striatum and cerebellum are major sites of activity-dependent synaptic plasticity and may represent key neural substrates for adaptive motor control. To induce SMP, we used tail suspension characterized by a 30°inclination angle of rat body with horizontal, which influences head position as well as neck angle. In this condition, activity of vestibulocerebellar and spinocerebellar tracts may be modified accordingly and could induce variation synaptosomal protein expression. In addition, when removing the cerebellum, we did not separate the different compartments (hemispheral, paravermal, and vermal), which control different aspects of movement. Maybe a more focused sampling on the vermal (which projects preferentially to nuclei involved in axial muscle control and balance) or paravermal cortex (involved on goal-directed movements) would have provided more specific changes. In this context, further analyses have to be conducted taking into account the somatotopic organization of striatum and cerebellum to define specific modulation of these synaptosomal associated proteins in SMP rats.
Conclusion
This study suggests that SMP affects synaptic plasticity through a decrease in SVs and in their bioavailability, a decrease in the size of post-synaptic element, and an internalization of AMPAR. In this study, phosphorylation/ O-GlcNAcylation interplay analysis was focused on synapsin1, but O-GlcNAcylation could play a much larger role. Further global proteomic studies should be conducted to determine possible role of O-GlcNAcylation in cortical plasticity and in alteration of sensorimotor performance associated with SMP. Figure S1 . Synaptic protein enrichment in sensorimotor cortex synaptosomes.
